Lower limb ischemia with poor wound healing is found in patients with diabetic foot disease and peripheral arterial occlusive disease (PAOD) and remains a major reason for lower limb amputations. Specifically, more than 60% of nontraumatic lower limb amputations in the United States are performed in patients with diabetes.^[@R1]^ In addition, elderly patients with diabetes have a higher prevalence of PAOD (up to 6 times more) than patients without diabetes.^[@R2]^ Functional changes in the microcirculation are found in patients with diabetes. These changes are considered to play an important role in the pathogenesis of diabetic foot syndrome.^[@R3],[@R4]^ Even though the existence of a "small vessels disease"^[@R5],[@R6]^ has been disproved,^[@R7]^ structural and functional changes within the microvasculature of the skin still persist and are thought to be causative of diabetic foot syndrome.^[@R8],[@R9]^ Several theories regarding the pathogenesis are still in discussion.^[@R4]^ The hemodynamic hypothesis suggests that the onset of hyperglycemia in early stages of diabetes mediates blood flow dysregulations which result in an increased flow, capillary filtration capacity,^[@R10]^ and microvascular pressure.^[@R11]^ It is thought that these changes lead to structural alterations of diabetic microangiopathy, for example, a thickened basement membrane with microvascular sclerosis. Transport processes through the capillary membrane and even the migration of leukocytes may also be impaired.^[@R3]^ In addition, the reduced elasticity of microvascular vessels due to the aforementioned changes impairs vasodilatation and may in combination with lost secretory functions of the endothelium result in a diminished hyperemic response in diabetic patients. This could limit nutrient supply to the tissue under conditions of stress.^[@R12]--[@R14]^ Another hypothesis, the "capillary steal syndrome," suggests that the influence of autonomic neuropathy in patients with diabetes impedes sympathetic innervation of the microvasculature, causing a loss of vasoconstriction, thus directing blood away from the capillaries through arteriovenous shunts.^[@R15],[@R16]^ Studies supporting this theory have shown an increased venous oxygenation in patients with diabetic foot disease and peripheral polyneuropathy.^[@R17]^

As PAOD also plays an important role in the development of chronic ulcerations and consecutive wound infections, investigations have been conducted to elucidate possible microcirculatory changes in patients with impeded macrovascular circulation. The pathogenesis of PAOD can be described with the development of atherosclerosis which involves changes in both the macro- and microcirculation.^[@R18]^ Even though Laser Doppler studies showed a normal baseline leg skin perfusion in stage II PAOD patients,^[@R19],[@R20]^ impaired postischemic hyperemic reaction,^[@R19]^ an abnormal flowmotion pattern,^[@R20]^ and impeded vascular reactivity^[@R21],[@R22]^ have been shown.

To further evaluate the underlying mechanisms of impaired microcirculation in patients with diabetes and PAOD, a variety of techniques for in vivo assessment of microcirculatory effects have been developed. Combined Laser-Doppler and Photospectrometry has been shown to be a useful tool for quantitative, noninvasive tissue measurements,^[@R23]--[@R30]^ and studies published in the literature have investigated microcirculatory parameters in diabetic patients and patients with PAOD using this technique.^[@R23],[@R30]--[@R33]^

To our knowledge, no study has been published as of yet, mapping functional microcirculatory parameters at the plantar foot in healthy subjects and in patients with diabetes mellitus and PAOD using combined Laser-Doppler and Photospectrometry systems. Therefore, we hypothesized that the functional microcirculation at the plantar foot significantly differs between healthy subjects and patients with diabetes mellitus and/or PAOD.

SUBJECTS AND METHODS
====================

Clinical Trial Registration
---------------------------

The trial was registered at ClinicalTrials.gov with the identifier number NCT01235312. The trial was performed in accordance with the Declaration of Helsinki (2000) of the World Medical Association. Institutional review board approval was granted through the local institutional review board committee. Written consent was obtained from each study subject before the start of the investigation.

Reporting Standards
-------------------

Data are reported according to STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) guidelines.

Study Design and Setting
------------------------

The study was designed as a prospective, controlled, and blinded cohort study. Data collection was performed between August 2011 and May 2012 using combined Laser-Doppler and Photospectrometry. For mapping of the microcirculatory parameters, 10 standardized measurement points were chosen equally distributed over the plantar foot ([Fig. 1](#F1){ref-type="fig"}).
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Participants
------------

### Study Population and Recruitment

Eligibility criteria were male and female subjects aged 18--75 years old either healthy or suffering from diabetes mellitus or PAOD.

After inclusion in the trial, participants were assigned to 1 of 3 groups according to their medical history. Group A was the control group consisting only of healthy subjects. Group B included patients with nonischemic diabetes mellitus type I or II. Group C consisted of patients with a medical history of PAOD.

Eligibility criteria for the control group were healthy subjects excluding diabetes mellitus, Raynaud's disease, evident plantar malperfusion, soft tissue inflammation or osteomyelitis, vasculitis, PAOD, chronic kidney or liver disease, cardiac dysfunction, arterial hypotension, and any type of vasoactive medication, that is, β-blockers, calcium channel blockers, nitroglycerin, or equivalents.

Exclusion criteria for groups B and C were soft tissue inflammation or osteomyelitis, vasculitis, and liver disease. The study population was a consecutive series of participants defined by the aforementioned selection criteria.

Variables
---------

### Determination of Vital Parameters of M icrocirculation

Hemoglobin and blood flow are measured concurrently in the Oxygen to see (O2C) system. The standardization for measuring both parameters separately and together (blood flow by Laser-Doppler technique and hemoglobin oxygenation and hemoglobin concentration by photospectrometry) has been described in detail elsewhere.^23--30^ Specifically, the O2C system measures these microcirculatory parameters using an optical fiber probe. The fiber probe incorporates both the laser Doppler method and broadband light spectrometry. The probe used in this study assessed the following parameters at a depth of 8 mm:

-   Cutaneous tissue oxygen saturation (%)

-   Cutaneous relative postcapillary venous filling pressure (arbitrary units, AU)

-   Cutaneous capillary blood flow (AU)

Microcirculatory data assessment using the O2C system was performed by the same experienced examiner. Data were blinded for statistical analysis.

Bias
----

Structural measurement bias was avoided by standardization of environmental factors during assessment of microcirculatory data, that is, assessment by the same examiner, uniform positioning of the subject during measurement, and standardization of ambient light and temperature. Artifacts from microcirculatory measurements were avoided by fixation of each measurement probe on every position for at least 90 seconds.

Retrieval biases were prevented by an independent literature search through the National Library of Medicine. Funding bias was eliminated by the exclusion of any financial disclosure of any contributing author.

Statistical Analysis
--------------------

One-way analysis of variance was performed for statistical analysis between groups for microcirculatory data, biometrical data, and patient's characteristics. To complete the multivariate hypothesis testing, significance of the diabetes group B and the PAOD group C was tested vs healthy group A by using Fisher's least significant difference and Bonferroni post hoc test. *P*-values less than 0.05 were considered to be statistically significant. The SPSS statistical software package 20 for Windows (IBM, NY) was used for statistical analysis.

RESULTS
=======

Participants and Descriptive Data
---------------------------------

A total of 107 patients met the inclusion and exclusion criteria and were included in the study after written informed consent was obtained.

Detailed patients' characteristics such as age, height, weight, body mass index (BMI), concomitant diseases, and medication are reported in [Table 1](#T1){ref-type="table"}. Subjects were allocated to groups A/B/C according to their medical history. Group A was the control group consisting of healthy subjects (57% male; 63.3 ± 12.2 y; BMI, 27.1 ± 4.7). Group B included patients with nonischemic diabetes mellitus with an average diabetes duration of 12.5 years (53% male; 59.4 ± 17.5 y; BMI, 29.6 ± 6.2). Group C consisted of patients with a medical history of PAOD (81% male; 66.1 ± 11.3 y; BMI, 27.4 ± 4.6). The average duration of PAOD of these patients is 4.75 years. Statistical analysis showed an equal distribution of patients between groups regarding gender, age, height, weight, and BMI.

###### 

Patient Characteristics: Group A (Healthy Subjects) vs Group B (Diabetes Mellitus) vs Group C (PAOD)

![](gox-1-e48-g002)

The number of patients suffering from arterial hypertension, cardiac diseases, diabetes mellitus, PAOD, and chronic kidney diseases were significantly higher in groups B and C compared to group A (all parameters *P* \< 0.05). A significantly higher prevalence of patients with cardiac diseases, PAOD, and chronic kidney disease were apparent in group C (PAOD) relative to group B (diabetes mellitus) and a significantly lower number of patients suffering from diabetes mellitus in group C vs group B (all *P* \< 0.05)

Microcirculatory Analysis
-------------------------

The microcirculatory data of the plantar side of the foot were averaged and displayed as mean and standard deviation. Detailed microcirculatory data of all assessed measurement points are reported in [Table 2](#T2){ref-type="table"}.

###### 

Global Cutaneous Oxygen Saturation, Global Cutaneous Postcapillary Venous Filling Pressure, and Global Cutaneous Capillary Blood Flow of Groups A (Healthy Subjects) vs B (Diabetes Mellitus) vs C (PAOD) at all 10 Measurement Points at the Plantar Side of the Foot
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### Cutaneous Oxygen Saturation

Global cutaneous oxygen saturation microcirculation at the plantar foot of healthy individuals was 8.4% higher than in patients with diabetes mellitus and 8.1% higher than in patients with PAOD (*P* = 0.033) (group A vs group B: 70.0% ± 7.6% vs 64.1% ± 4.0%; *P* = 0.061; group A vs group C: 70.0% ± 10.9% vs 64.3% ± 3.7%; *P* = 0.076).

There was no statistically significant difference between subjects with diabetes mellitus and PAOD (64.1% ± 4.0% vs 64.3% ± 3.7%; *P* = 1.0).

### Postcapillary Venous Filling Pressure

Global cutaneous postcapillary venous filling pressure at the plantar side of the foot of healthy subjects was not significantly different compared to patients with diabetes mellitus (47.4 ± 6.7 AU vs 44.7 ± 4.6 AU; *P* = 0.692) and compared to patients with PAOD (47.4 ± 6.7 AU vs 44.6 ± 2.6 AU, respectively; *P* = 0.638). Cutaneous postcapillary venous filling pressure at the plantar side of the foot was not statistically different between patients with diabetes mellitus and PAOD (44.7 ± 4.6 AU vs 44.6 ± 2.6 AU, respectively; *P* = 1.0).

### Capillary Blood Flow

Global cutaneous capillary blood flow at the plantar side of the foot of healthy subjects was not different in patients with diabetes mellitus (group A: 145.6 ± 26.7 AU vs group B: 148.3 ± 31.1 AU; *P* = 1.0) and patients suffering from PAOD (group A: 145.6 ± 26.7 AU vs group C: 142.3 ± 20.4 AU; *P* = 1.0). Similar to postcapillary venous pressure, there was no difference between groups B and C (148.3 ± 31.1 AU vs 142.3 ± 20.4 AU, respectively; *P* = 1.0).

DISCUSSION
==========

The aim of this investigation was to evaluate the functional cutaneous microcirculatory perfusion of the plantar foot in both males and females, to determine functional foot microcirculation relevant to altered wound healing processes. We therefore hypothesized that functional microcirculation at the plantar side of the foot differs between healthy patients and patients with diabetes or PAOD.

Our study assessed different parameters of functional microcirculation at the plantar foot between healthy subjects and patients with diabetes or PAOD. Patients with either diabetes or PAOD showed a global deterioration in cutaneous oxygen saturation, despite maintaining global blood perfusion and global postcapillary venous filling pressure at the plantar foot relative to healthy subjects. However, local sampling at various points of the plantar foot revealed no changes between healthy controls and patients with either diabetes or PAOD.

Despite confirming our hypothesis, the pathogenesis of the diabetic foot still remains controversial.^[@R34]^ In addition to vasculopathy, there are additional pathways and risk factors that can lead to foot ulcerations including peripheral neuropathy, foot trauma, foot deformity, lower limb ischemia, foot edema, and callus deformation. The combination of these findings, especially neuropathy, minor foot trauma, and foot deformity, is considered to be the leading cause of diabetic foot ulcers.^[@R35]^ Structural changes seen within the microvasculature of patients with diabetes, for example thickened capillary basement membranes, reduced capillary size, and pericyte degeneration have also been documented in the current scientific literature.^[@R13],[@R36]--[@R40]^ However, data and theorized mechanisms regarding the role of a functional microcirculation are still controversial and require new approaches for the assessment of microcirculatory alterations in patients with diabetes.^[@R4]^ Combined Laser-Doppler and Photospectrometry allows quantitative measurements of soft tissue microcirculation measuring simultaneously cutaneous oxygen saturation, cutaneous postcapillary venous filling pressure, and cutaneous capillary blood flow. We thus initiated the reassessment of these microcirculatory parameters in patients with diabetes to compare them with healthy volunteers and patients with PAOD.

Recent studies support the hemodynamic hypothesis in the pathogenesis of diabetic microangiopathy, demonstrating increased capillary blood pressure in diabetic patients.^[@R10],[@R11],[@R41]^ Beckert et al^[@R23]^ could demonstrate a significant increase in capillary blood flow at the forefoot in diabetic foot ulcer patients compared to healthy controls, without demonstrating significant changes in cutaneous oxygen saturation using the same combined Laser-Doppler and Photospectrometry as we did in our study (O2C). However, their data are not fully comparable to our study because they had a different focus of investigation, by trying to distinguish between healing and nonhealing diabetic foot ulcers. Microcirculatory parameters might be compounded due to inflammatory processes. Several other studies contradict the hemodynamic hypothesis by reporting increased capillary blood flow and/or increased capillary flow pressure in patients with diabetes.^[@R4],[@R42],[@R43]^ In concordance to these results, we also could not detect significant changes in capillary blood flow in either diabetic patients or in PAOD patients. Iwase et al^[@R31]^ showed that transcutaneous oxygen pressure (TcPO~2~) at the dorsal foot in patients with diabetes was reduced compared to healthy controls, whereas skin blood flow did not differ significantly. This is also in agreement with our results as we reported deteriorated cutaneous oxygen saturation with equivalent blood perfusion in patients with diabetes mellitus. Iwase et al suggested that these findings might be explained with sympathetic vascular dysfunction shunting the microcirculating blood away from nutritive capillaries through anastomotic arteriovenous shunts, which would in generally confirm the "capillary steal syndrome" hypothesis.

One of the major advantages of the combined Laser-Doppler and Photospectrometry System that we used in our study is that it is capable of assessing the tissue oxygen saturation of nutritive capillaries by measuring the venular (postcapillary) oxygen saturation in the capillary bed.^[@R44]^ As our findings demonstrated deteriorated cutaneous oxygen saturation in these nourishing capillaries of the skin with equivalent blood perfusion and equivalent postcapillary venous filling pressure in patients with diabetes compared to healthy controls, our results support the theory of the capillary steal syndrome.

Nagase et al^[@R45]^ tried another approach to assess vascular alteration in nonulcer diabetic patients by taking images of the plantar foot using Infrared Thermographic Imaging in 129 diabetic patients and 32 healthy controls. They found a much higher variation in the plantar thermographic patterns in the diabetes group than in healthy controls. This established a new conceptual classification of the plantar patterns according to the plantar angiosomes and their own findings. The higher variations in plantar thermographic patterns of patients with diabetes may be one reason why current studies are not consistent with respect to a functional microcirculation in patients with diabetes. Nevertheless, a potential limitation of this study by Nagase et al may be related to age unmatched groups, a parameter controlled for in our study which may make our data more conclusive.

As most subjects in our PAOD group were stage II patients, capillary blood flow should have remained normal at rest, due to microcirculatory compensation, observations shown elsewhere.^[@R19],[@R20]^ It therefore seems that the total amount of blood flow alone is not crucial for impeded microcirculation in patients with PAOD. In this regard, Bongard and Fagrell^[@R46]^ reported that resting blood flow in the skin microcirculation in patients with PAOD was even increased, but maldistributed. Moreover, through TcPO~2~ measurements, reduced O~2~ levels could be demonstrated in patients with PAOD,^[@R20],[@R47]^ which is in line with our results as we found deteriorated cutaneous oxygen saturation with equivalent global blood perfusion in patients suffering from PAOD. In addition, studies have indicated that vascular reactivity is impeded in patients with PAOD^[@R21],[@R22]^ and skin postischemic hyperemic reaction is also impaired.^[@R19]^ Furthermore, in patients with critical limb ischemia, a reduced local vasoconstrictor response during limb lowering, in addition to pain while at rest, showed an increase in blood flow,^[@R48]^ implying a capillary hypertension with more filtration, which suggests a further compromise of the nutritive capillaries while increasing the oxygen diffusion distance.^[@R20]^ These results and findings shown by vital capillaroscopy, for example, dilated papillary capillaries, indistinct capillaries, capillary hemorrhage with extravasation, and a reduced number of blood filled capillaries,^[@R49]^ may be possible reasons for changes in functional microcirculation in patients with PAOD.

There is no doubt that microcirculatory changes seem to play a major role in patients with diabetes and PAOD. In recent studies, it has been shown that among patients with critical limb ischemia, the microcirculatory assessment was a powerful indicator to predict amputation,^[@R32],[@R50]^ whereas Fontaine staging, ankle blood pressure, or the presence of diabetes mellitus did not.^[@R50]^ Thus, it can be concluded that the microcirculation may have an even bigger impact on morbidity than an impeded macrovasculature. Moreover, Rajbhandari et al^[@R33]^ demonstrated a decreased microvascular oxygen saturation as an early indicator of diabetic foot ulcers occurring with healing.

Therefore, improvement of microcirculation should be considered as one of the primary goals of treatment. Glycemic control and metformin administration in patients with diabetes have been shown to have a positive influence on microcirculation.^[@R51]--[@R53]^ Similarly, we have demonstrated that remote ischemic preconditioning in healthy volunteers can improve the cutaneous microcirculation.^[@R27]^ Further studies are needed to elucidate whether this could also be useful for patients with diabetes mellitus or PAOD.

LIMITATIONS
===========

There are 2 main limitations in our study. First, we did not match the microcirculatory findings in the diabetes group to either Hba1c values or polyneuropathy status, which may be factors affecting the microcirculatory parameters.^[@R11],[@R33],[@R54]^ However, our diabetes study population had an average diabetes duration of 12.5 years, so that a relevant microcirculatory damage should be expected. As far as we know, there are no studies suggesting these values above have any influence on microcirculatory parameters assessed using the O2C as a combined Laser-Doppler and Photospectrometry System.^[@R54]^

Another limitation are the intraindividual changes during a time period with respect to skin blood flow or other microcirculatory parameters, especially in patients with PAOD, as there are reports of intraindividual variabilities and fluctuations in patients with PAOD when measuring oxygen saturation using the transcutaneous oxygen tension (TcPO~2~) technique.^[@R55]^ However, combined Laser-Doppler and photospectrometry as a relatively new technique revealed a high reproducibility,^[@R56]^ even in patients with diabetes.^[@R30]^

CONCLUSIONS
===========

According to our findings, we can conclude that the "capillary steal syndrome" hypothesis might be one possible pathway for reduced capillary oxygen saturation with equivalent blood perfusion and equivalent postcapillary venous filling pressure at the plantar foot in patients with diabetes. However, further investigations have to be conducted to elucidate the entire mechanisms leading to foot ulcers, including the assessment of microcirculatory effects and their implications. Impaired tissue oxygen saturation seems to play an essential role in foot ulcers and wound healing as both patient groups showed a significant deterioration of tissue oxygen saturation at the plantar foot. This is most interesting in patients with PAOD; these data suggest that impaired microcirculation may have an even bigger influence on morbidity than an impeded macrocirculation.

Interestingly, we could show that venous stasis and blood flow did not show any significant alterations in patients suffering from diabetes mellitus or PAOD, which may imply a benefit of therapeutic options that ameliorate cutaneous tissue oxygen saturation at the feet of these patients.
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